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SAMPLE SUPPORT STRUCTURE AND
METHODS

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This application 1s filed under the provisions of 35 U.S.C.
§371 and claims the priority of International Patent Applica-
tion No. PCT/US07/84945 filed on 16 Nov. 2007 entitled
“Sample Support Structure and Methods™ 1n the name of John
Damiano Jr., et al., which claims priority of U.S. Provisional
Patent Application No. 60/866,085 filed on 16 Nov. 2006,
both of which are hereby incorporated by reference herein in
their entirety.

FIELD OF THE INVENTION

The invention relates to sample support structures, meth-
ods of making sample support structures, and methods of
using sample support structures. The sample support struc-
tures may be useful 1n electron microscopy. The sample sup-
port structures have desired properties, such as: mimimal drift
during analysis by electron microscopy; increased rigidity;
and conductivity of the sample support structures, including
at low temperatures; and decreased electron charging.

BACKGROUND OF THE INVENTION

During electron microscopy or 1on-beam analysis, a test
sample 1s placed on a sample support. Typically, the sample
supports consist ol a metal grid, often copper, gold, nickel, or
molybdenum. For certain types of analysis, a thin carbon film
1s typically placed atop the metal grid. The carbon film 1s very
thin, conductive, and often contains holes. When used during,
cryo-electron microscopy, this holey carbon film allows for
analysis of very small specimens or specimens embedded 1n
vitreous ice.

There are several problems with the existing sample sup-
port technology. During analysis, the very thin carbon film
tends to move or driit due to 1ts lack of thermal and mechani-
cal stability, which degrades the ability to achieve highest
resolution 1mages. The holey carbon film 1s supported by a
metal grid, however, the presence of grid bars blocks imaging,
area and limits the ability to perform tomographic analysis.
Thermal 1nstability exists due to coetlicient of thermal expan-
sion (CTE) mismatch between the metal grid and the carbon
film which may create wrinkles on or tear the carbon film. In
addition, since the conductivity of the carbon degrades
quickly at very low temperatures, detlection during imaging
results due to electron-beam induced charging.

Accordingly, there exists a need 1n the art for sample sup-
ports with improved properties including, but not limited to,
mimmal drift during analysis by electron microscopy;
increased rigidity; and conductivity of the sample support
structures, including at low temperatures; and decreased elec-
tron charging. The present invention addresses this need.

SUMMARY OF THE INVENTION

A first aspect of the present invention relates to a sample
support structure. The sample support structure contains a
sample support manufactured from a semiconductor material
and having one or more holes. The semiconductor material
may 1nclude amorphous silicon, polycrystalline silicon,
monocrystalline silicon, silicon nitride, silicon carbide, boron
nitride, aluminum nitride, graphite, graphene, other semicon-
ductor materials or ceramics, and combinations thereot. The
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2

sample support may contain an array, or multiple arrays, of
holes which may be substantially centrally located on the
sample support.

In the sample support structure of the present invention, the
sample support may have a thickness that 1s less than about
500000 Angstroms and a Young’s modulus of greater than
300 GPa. The sample support may have a diameter which
ranges from about 1 to about 20 mm, about 2 to about 8 mm,
or about 3 mm. The sample support may have a thickness
which ranges from about 1 to about 500000 Angstroms, about
100 to about 5000 Angstroms, or 200 to about 1000 Ang-
stroms. The holes 1n the sample support may have a diameter
ranging from about 0.05 to about 100 um, about 0.5 to about
4 um, or about 1 to about 3 um.

In a further aspect of the mvention, the sample support
structure may include an underlying base. The base may
include monocrystalline silicon, polycrystalline silicon,
amorphous silicon, alumina, quartz, fused silica, boron
nitride, silicon carbide, other semiconductor materials, met-
als, ceramics, conducting oxides, or combinations thereof. In
one aspect, the base may have a shape which substantially
tracks the perimeter of the sample support; the base may
contain an opening, the perimeter of which substantially
tracks a perimeter of the one or more holes 1 the sample
support; or both. The base may contain a single opening, or
multiple openings that may be aligned with the array or mul-
tiple arrays of holes 1n the sample support. The sample sup-
port may contain an array of holes therein, and the base may
contain a single opeming substantially surrounding the array
of holes. The structure may contain a perimeter region, sur-
rounding the array of holes, which may lack holes. The shape
of the sample support structure may be generally circular.

In the sample support structure of the present invention, the
base may have a thickness which ranges from about 2 to about
750 um, about 4 to about 150 um, or about 5 to about 50 um.

An aspect of the present invention relates to a method of
making a sample support structure. The method may com-
prise the steps of: (a) providing a substrate comprising three
layers: (1) a top base layer containing an etchable semicon-
ductor material; (1) a middle insulator layer containing an
ctchable semiconductor material; and (111) a bottom substrate
layer containing an etchable semiconductor maternal;
wherein the base layer 1s etchable without substantial etching
of the insulator layer, and the 1insulator layer 1s etchable with-
out substantial etching of the base layer; (b) applying a
sample support layer to the top base layer wherein the sample
support layer comprises an etchable semiconductor material;
(c) patterning dimensions ol a sample support onto the
sample support layer, including one or more holes; (d) etching
the sample support layer to achieve dimensions established
by the patterning step, including the one or more holes; (e)
ctching the base layer to achieve dimensions of a base; (1)
etching the 1nsulator layer to release or substantially release
the insulator layer, thereby freeing or substantially freeing a
sample support structure containing: (1) a sample support
containing one or more holes therein; and (11) a base under-
lying the sample support containing an opening therein sub-
stantially surrounding the one or more holes of the sample
support.

In the method of making a sample support structure, the
sample support layer may include silicon carbide, silicon
nitride, aluminum nitride, boron nitride, monocrystalline sili-
con, polycrystalline silicon, amorphous silicon, other semi-
conductor materials or ceramics, and combinations thereof.
The base layer may include monocrystalline silicon, poly-
crystalline silicon, amorphous silicon, alumina, quartz, fused
silica, boron nitride, silicon carbide, other semiconductor
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materials, metals, ceramics, conducting oxide, and combina-
tions thereot. The bottom substrate layer may include monoc-

rystalline silicon, polycrystalline silicon, amorphous silicon,
alumina, quartz, fused silica, boron nitride, silicon carbide,
other semiconductor materials, metals, ceramics, conducting
oxide, and combinations thereof. The insulator layer may
contain silicon dioxide, fused silica, quartz, aluminum
nitride, conducting oxides, silicon monoxide, and combina-
tions thereof.

In an aspect of the above method, step (d) may include
etching the sample support layer using wet chemical etching,
reactive 1on etching (RIE), deep reactive 1on etchung (DRIE),
or 1on milling. Step (¢) may include patterning a shape and
diameter on the sample support layer; or patterning an array,
or multiple arrays, of holes 1n a center portion of the sample
support layer. Step (e¢) may include etching the base layer
through to the msulator layer to leave an opening 1n the base
layer generally circumscribing the array, or the multiple
arrays, of holes. Step (e) may include etching the base layer
around the sample support to yield a base layer having an
outer perimeter that 1s substantially the same shape as the
sample support. Step (b) may include applying the sample
support layer using a technique selected from low-pressure
chemical vapor deposition (LPCVD), physical vapor deposi-
tion (PVD), plasma-enhanced chemical vapor deposition
(PECVD), and metal-organic chemical vapor deposition
(MOCVD).

In another aspect of the above-described method of the
present invention, the holes may be two or more holes each
having a diameter of about 1 to about 3 um, or about 3 to about
5 um. The two or more holes may have a diameter of about 2
um, and a pitch of about 4 um. The array of patterned holes
may be approximately circular, and may have a diameter
ranging from about 0.1 to about 0.9, or about 0.25 to about 2
mm of the diameter of the sample support. The sample sup-
port may include a perimeter region lacking holes which may
have a width of about 0.25 to about 2 mm. The sample support
layer may be etched using an SF , based etch recipe. The base
layer may be etched using a deep reactive 1on etching tech-
nique. Step (e) of the above method may include (a) a first step
comprising deep reactive 1on etching; and (b) a second step
comprising solution comprising hydrofluoric acid, nitric acid,
and acetic acid (HNA). The msulator layer may be etched
with concentrated hydrofluoric acid. The above method may
turther include applying a sample support layer to the bottom
of the substrate.

A further aspect of the invention relates to methods of using
the sample support structures ol the present invention.
Included 1s a method of analyzing a sample comprising plac-
ing the sample on the sample support structure of the present
invention and analyzing the sample using an electron micros-
copy technique. In a further aspect, the sample may include a
biological specimen. The sample may include a protein, a
peptide, or a portion thereol. The sample may further include
a compound that interacts with the protein, peptide, or portion
thereol. The sample may include a chemical compound. The
analysis may occur at temperatures ranging from about —270

to about 0° C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1illustrates a silicon-on-insulator semiconductor
substrate.

FIG. 2 shows a sample support layer 20 deposited on the
frontside and backside surfaces of the substrate.

FI1G. 3 1llustrates the sample support layer 20 on the fron-
tside of the substrate patterned using photolithography fol-
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4

lowed by reactive 1on etching or wet chemical etching. In
FIGS. 3A and 3B, a sample support structure containing an

array ol holes 1s 1llustrated. In FIGS. 3C and 3D, a sample
support structure containing multiple arrays of holes 1s 1llus-
trated.

FIG. 4 illustrates the etched base layer 101. In FIGS. 4A
and 4B, a sample support structure containing an array of
holes 1s 1llustrated. In FIGS. 4C and 4D, a sample support
structure containing multiple arrays of holes 1s illustrated.

FIG. 5 illustrates insulator layer 105 etched using a wet
chemical etch process. In FIGS. SA and 5B, a sample support
structure containing an array of holes 1s 1llustrated. In FIGS.
5C and 5D, a sample support structure containing multiple
arrays ol holes 1s illustrated.

FIG. 6 illustrates the support structure 60, comprised of
frame region 41 and sample support membrane arca 40,
released from the substrate layer 103. In FIGS. 6 A and 6B, a
sample support structure containing an array of holes 1s 1llus-
trated. In FIGS. 6C and 6D, a sample support structure con-
taining multiple arrays of holes 1s 1llustrated.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to sample support structures,
methods of making sample support structures, and methods
of using sample support structures. The sample support struc-
tures are useful for supporting samples for analysis using
microscopic techniques, such as electron microscopy tech-
niques. The sample support structures have a variety of desir-
able properties, such as one or more of the following: minimal
drift during analysis by electron microscopy compared to
amorphous carbon films; increased rigidity of the sample
support layer, with Young’s Modulus 3 to 9 times larger than
amorphous carbon; increased conductivity of sample support
layer, even at low temperatures; and improved CTE matching
between sample support film and base layer compared to
conventional carbon film on metal grid. The sample support
structures of the present ivention are useful in a variety of
clectron microscopy techniques, such as transmission elec-
tron microscopy and related techniques.

As defined herein, “semiconductor’” means a material, such
as silicon, that 1s intermediate in electrical conductivity
between conductors and insulators.

As defined herein, “photolithography” means a process,
which uses beams of light, projected through a reticle, to
pattern or etch a photosensitive material.

As defined herein, “low-pressure chemical vapor deposi-
tion (LPCVD)” means a technique in which one or more
gaseous reactors are used to form a solid msulating or con-
ducting layer on the surface of a substrate under low pressure
and high temperature conditions.

As defined herein, an “opeming” corresponds to a region
generally circumscribed by base layer material that was not
ctchingly removed, 1.¢., the base. Put another way, the open-
ing(s) in the base layer generally take the shape of the general
pattern of the at least one array of holes and the base generally
takes the shape of the outer perimeter of the sample support
that lacks holes. Put still another way, the opening(s) are
circumscribed by the base and include the sample support
membrane as the ceiling when the base 1s 1n contact with a
horizontal surface.

As defined herein, “without substantial etching™ 1s defined
the etching removal of less than about 5 wt. % of the material,
preferably less than about 2 wt. %, even more preferably less
than 1 wt. %, based on the total weight of the matenal.

As defined herein, “pitch” 1s defined as the minimum dis-
tance from the center of a given feature to the center of an
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adjacent feature. For example, a non-limiting example 1s
pitch corresponds to the minimum distance from the center of
one hole to the center of another hold.

The invention provides a sample support structure. The
sample support structure may generally include sample sup-
port and a base.

The sample support serves to support a sample during

analysis. The sample support 1s preferably rigid to decrease
instability during sample analysis as well as conductive to
reduce charge buildup which can interfere with sample analy-
s1s. The stress 1n the sample support 1s low and tensile. The
sample support may include a sample support layer. In an
embodiment, the sample support includes holes and/or arrays
of holes.
In a non-limiting embodiment, the sample support may be
a sample support layer. For illustrative, non-limiting, pur-
poses, sample support layers are referenced herein as
examples of sample supports; however, the descriptions are
intended to be non-limiting. Other sample supports which are
not considered to be layers are known to one of skill in the art
and are contemplated herein.

The Young’s modulus of the sample support is ameasure of
its rigidity. In one embodiment, the sample support may have
a Young’ s modulus of greater than about 150 GPa. In a further
embodiment, the sample support may have a Young’s modu-
lus of greater than about 300 GPa. In a further embodiment,
the sample support may have a Young’s modulus of greater
than about 400 GPa. In a still further embodiment, the
Young’s modulus may be approximately 450 GPa.

In an embodiment, the sample support layer has tensile
stress. In one aspect of this embodiment, the tensile stress 1s
greater than 0 MPa. In a further aspect, the tensile stress 1s
from about 100 to about 400 MPa. In a further aspect of this
embodiment, the tensile stress 1s from about 200 to about 300
MPa.

In an embodiment, the sample support layers are thicker,
can be doped, and are less resistive than reference supports. In
an embodiment, the resistivity 1s less than about 10 ohm-cm.
In a further embodiment, the resistivity 1s from about 0.01 to
about 5 ochm-cm. In a further embodiment, the resistivity 1s
approximately 0.025 ohm-cm.

The dimensions, such as thickness, shape, diameter, holes,
and/or arrays of holes of the sample support may vary
depending on the intended use of the sample support struc-
ture. For example, the thickness of the sample support may
suitably range from about 1 (single monolayer) to about
500000 Angstroms, or from about 100 to about 5000 Ang-
stroms, or from about 200 to about 1000 Angstroms. Any
shape which does not eliminate the sample support structure
from performing its intended use 1s suitable. Examples of
suitable shapes include circular shapes, ovular shapes, and
polygonal shapes. The sample support may typically have a
diameter ranging from less than about 1 mm to about 20 mm,
or from about 2 mm to about 8 mm, or may be about 3 mm
(such as 3.05 mm). Larger or smaller structures are possible
within the scope of the invention.

A wide varniety ol materials may be used for the sample
support. Preferred materials are semiconductor materials,
such as monocrystalline silicon, polycrystalline silicon,
amorphous silicon, silicon carbide, silicon nitride, aluminum
nitride, boron nitride, gallium nitride, graphene, graphite,
other semiconductor materials, conductive oxides and ceram-
ics, as well as other materials known to one of skill in the art,
and combinations thereol. Semiconductor materials may be
doped to improve conductivity. Examples of suitable doped
semiconductor materials for use 1n the sample support layer
include, but are not limited to: silicon carbide with nitrogen
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doping to achieve resistivity 0.025 ohm-cm; and amorphous
s1licon or monocrystalline silicon or polycrystalline silicon
with boron doping to achieve resistivity 0.025 ohm-cm.

The sample support may include one or more holes. Mul-
tiple holes may be arranged as one or more arrays of holes.
The holes may be any shape which is suitable for the intended
use of the holes, such as circular shapes, substantially circular
shapes, ovular shapes, substantially ovular shapes, polygonal
shapes and/or substantially polygonal shapes. Further, the
array or arrays may be arranged in any of a wide variety of
patterns, such as circular patterns, substantially circular pat-
terns, ovular patterns, substantially ovular patterns, polygo-
nal patterns, and/or substantially polygonal patterns.

The one or more holes and/or arrays of holes may be
positioned anywhere on the sample support. For example, the
one or more holes and/or arrays of holes may be generally
centrally positioned on the sample support. Further, 1n some
embodiments holes and/or arrays of holes are concentrated 1in
one or more regions of the sample support leaving one or
more other regions without holes. The number of holes 1n a
sample support may also vary. For example, the mvention
may include a sample support with about 1 to about 1x10"°
holes, about 1x10~ to about 1x10’ holes, or about 1x10* to
about 1x10° holes.

The size of the holes may vary according to the use of the
sample support structure. For example, the diameter holes
may vary from about 0.05 to about 100 um, or from about 0.05
to about 5 um, or from about 0.5 to about 4 um, or about 1 to
about 3 um, or may be about 2 um.

In arrays, the pitch of the holes may vary according to the
use of the sample support structure. For example, the pitch
may vary from about 0.10 um to about 6 um, or about 3 um to
about 5 um, or about 3.5 to about 4.5 um, or the pitch may be
about 4 um.

For example, 1n one embodiment, a group or array of holes
1s concentrated 1 a central region of the sample support
leaving a perimeter region which 1s lacking in holes. The
diameter of the central holey region may vary depending on
the desired use of the sample support structure. For example,
the patterned array of holes may have a diameter ranging from
about 0.1 to about 0.9, or from about 0.2 to about 0.8, or {from
about 0.3 to about 0.7 of the diameter of the sample support.
For example, the patterned array of holes may have a diameter
of about 0.25 to about 2.5 mm, or about 0.5 to about 2 mm, or
about 0.75 to about 1.5 mm, or about 1 mm. The width of the
perimeter region lacking holes may vary depending on the
desired use of the sample support structure. For example, the
width may be from about 0.25 nm to about 2.5 mm, or about
0.5 to about 2 mm, or about 0.75 to about 1.5 mm, or about 1
mm.

In a particular non-limiting embodiment, the sample sup-
portlayer may have a diameter of about 3 mm, a central region
with a patterned array of holes may have a diameter of about
1 mm, and an outer perimeter lacking holes may have a width
of about 1 mm.

In another embodiment, the sample support may contain
multiple arrays of holes. For example, the multiple arrays
may be positioned such that regions of the sample support
may contain holes, and regions of the sample support may not
contain holes. The sizes, and positioning, of the multiple
arrays of holes may vary. In an aspect of this embodiment, the
regions of the sample support that do not contain holes 1s large
enough that the base layer underneath the region 1s not fully
undercut during the base layer etch. In a further aspect of this
embodiment, regions of the sample support that do not con-
tain holes may span the entire length and/or width of the
sample support. Further, regions of the base layer underneath
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these regions of the sample support may span the entire length
and/or width of the sample support. The sample supports of
this embodiment may be even stronger than the sample sup-
ports of other embodiments.

In a particular non-limiting embodiment, the sample sup-
port layer may have a diameter of about 3 mm, a central region
may have a diameter of about 1 mm, the central region may
have regions contaiming multiple arrays of holes as well as
regions which do not contain holes, and an outer perimeter
lacking holes may have a width of about 1 mm.

The sample support structure may include a base. In gen-
eral, the function of the base 1s to provide a thickened support
which stabilizes the sample support structure. In one embodi-
ment, the base has a shape which generally corresponds to the
shape of the sample support. The base may include a base
layer.

In a non-limiting embodiment, the base may be a base
layer. For illustrative, non-limiting, purposes, base layers are
referenced herein as examples of bases; however, the descrip-
tions are mtended to be non-limiting. Other bases which are
not considered to be layers are known to one of skill 1n the art
and are contemplated herein.

A wide variety of materials may be used for the base.
Examples of suitable materials for the base of the sample
support structure include monocrystalline silicon, polycrys-
talline silicon, amorphous silicon, alumina, quartz, fused
silica, boron nitride, silicon carbide, other semiconductor
maternals, metals, ceramics, conducting oxides, and combi-
nations thereof. The thickness of the base may vary depend-
ing on the desired use of the sample support structure. For
example, the base may have a thickness which ranges from
about 2 to about 750 um, from about 4 to about 150 um, or
from about 5 to about 50 um.

As described above, 1n one embodiment, the sample sup-
port has holes. In an aspect of this embodiment, the base
contains one or more opemngs. The holes of the sample
support may be visible through the opening or openings of the
base. Where the base contains openings, the openings may be
generally 1n alignment with the holes of the sample support.
Where the base contains a single opening, the opening may be
the size of the entire center portion of the sample support, as
described above. Where the base contains multiple openings,
the multiple openings may align with the multiple arrays of
holes 1n the sample support, as described above, and the one
or more of the multiple openings 1n the base may be the same
s1ze as one or more of the multiple arrays of holes 1n the
sample support. Further, as described above, in an aspect of
this embodiment, the regions of the sample support that do
not contain holes 1s large enough that the base layer under-
neath the region 1s not fully undercut during the base layer
ctch. Further, regions of the base layer underneath these
regions of the sample support may span the entire length
and/or width of the sample support. The sample support struc-
tures of this embodiment may be even stronger than the
sample support structures of other embodiments.

In an additional embodiment, the sample support structure
may include additional layers. For example, the sample sup-
port structure may include an insulator layer and/or a semi-
conductor substrate layer.

The sample support of the sample support structure may be
joined to the base of the sample support structure using a
variety of joiming mechanisms, as described 1n more detail
herein.

An embodiment of the present invention relates to methods
of making a sample support structure. In an aspect of the
embodiment, the method may comprise one or more of the
following steps:
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providing a semiconductor substrate 10;

applying a sample support layer 20 to the semiconductor
substrate 10;

patterning the dimensions of the sample support onto the
sample support layer 20;

ctching the sample support layer 20 to achieve the pat-

terned dimensions;

ctching the base layer 101 of the semiconductor substrate

10 to create the base; and/or
ctching the mnsulator layer of the semiconductor substrate
to release the sample support structure.
Additionally, the support structure may include features that
strengthen the specimen support during the manufacturing,
process but that can be removed during (or after the process-
ing) so as not to limit the functionality or utility of the speci-
men support.

The substrate may include a base layer 101. Base layer 101
serves as the material for forming the base of the sample
support structure. As such, 1t should have a thickness that 1s
proportional to the desired thickness of the base. In a pre-
terred embodiment, the thickness of base layer 101 ranges
from about 2 to about 750 microns, or from about 4 to about
150 microns, or from about 5 to about 50 microns. A variety
of alternative materials may be used for base layer 101.
Examples include, but are not limited to, monocrystalline
s1licon, polycrystalline silicon, amorphous silicon, alumina,
quartz, fused silica, boron nitride, silicon carbide, other semi-
conductor materials, metals, ceramics, conducting oxides,
and combinations thereof.

The substrate may include a substrate layer 103. The sub-
strate layer 103 serves to thicken the substrate during pro-
cessing to facilitate handling of the material. Consequently, a
wide range of thicknesses 1s acceptable, depending on spe-
cific handling requirements. In one embodiment, the sub-
strate layer 103 has a thickness ranging from about 100 to
about 525 microns. A variety of alternative materials may be
used for silicon substrate 103. Examples include, but are not
limited to, monocrystalline silicon, polycrystalline silicon,
amorphous silicon, alumina, quartz, fused silica, boron
nitride, silicon carbide, other semiconductor materials, met-
als, ceramics, conducting oxide, and combinations thereof.

The substrate may include an insulator layer 105. The
insulator layer 105 serves to stop etching of the base layer 101
during processing, thereby establishing the dimensions of the
base of the sample support structure. Any thickness which
serves this purpose will be suilicient. In one embodiment, the
insulator layer 103 has a thickness ranging from about 0.01 to
about 50 microns. A variety of alternative materials may be
used for msulator layer 105. Materials may, for example, be
selected based on resistance to etching by the desired etchant
for use 1n etching the base layer 101. Examples of suitable
materials for use in msulator layer 103 include silicon diox-
ide, fused silica, quartz, aluminum nitride, conducting
oxides, silicon monoxide, and combinations thereof.

FIG. 1 shows one embodiment of a substrate 10, e.g., a
silicon-on-insulator. The substrate 10 includes base layer
101; substrate layer 103; and 1nsulator layer 105. Other sub-
strates contemplated include silicon, quartz, alumina, etc.

In one alternative embodiment, where a thick base 1s desir-
able, the msulator layer may be omitted, so that during pro-
cessing, etching of a thick base layer under the sample sup-
port layer yields a platform with a thick base.

A sample support layer 20 1s applied to the top layer of the
substrate or applied to both the top and bottom layers of the
substrate (as 1llustrated 1n FIG. 2). The purpose of the sample
support layer 1s to provide a thin, rigid, conductive support for
holding samples. A wide variety of materials may be used.
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Various sample support dimensions and matenals are
described hereinabove, and the invention includes application
of sample support layers utilizing such materials and/or suit-
able for attaining any of the dimensions indicated.

The sample support layer may be applied using a variety of
deposition processes. For example, the sample support may
be applied to the base using a chemical vapor deposition
technique, such as low-pressure chemical vapor deposition
(LPCVD), physical vapor deposition (PVD), plasma-en-
hanced chemical vapor deposition (PECVD), metal-organic
chemical vapor deposition (MOCVD), atomic layer deposi-
tion (ALD), as well as electroplating/electrodeposition tech-
niques, or any combination of these techniques. Examples of
suitable chemical vapor deposition techniques are described

in Hugh O. Pierson, Harndbook of Chemical Vapor Deposi-

tion, Second Edition: Principles, 1lechnologies and Applica-
tions, Noyes Publications; 2 edition (September 1999); and 1n
Michael L. Hitchman, Chemical Vapor Deposition, Elsevier
Limited; 1st edition (Jan. 1, 2001); the entire disclosure of
which are incorporated herein by reference.

The dimensions of the sample support are patterned onto
the sample support layer (see FIG. 3). For example, the pat-
terming may include the establishment of the perimeter of the
sample support layer 20 as well as one or more holes or one or
more arrays ol holes 30. Various dimensions of samples sup-
ports, holes, and arrays of holes are described hereinabove,
and the invention will be understood to include the use of
patterning techniques to prepare any of the dimensions indi-
cated.

A variety of patterning techniques for patterning may be
employed. In one embodiment, dimensions of the sample
support are patterned using photolithography. A variety of
suitable photolithography techniques are described in Harry
I. Levinson, Principles of Lithography, SPIE-International
Society for Optical Engine; 2nd ed. (February 2005), the
entire disclosure of which 1s incorporated herein by reference.

The sample support layer may be etched to achieve the
dimensions patterned thereon. Etching may be accomplished
using a variety of etching techniques. The specific techniques
selected will correspond to the material being used for the
sample support layer. Examples of suitable techmniques
include wet etching, reactive 1on etching, sputtering, 10n mill-
ing, or a combination of these.

In one embodiment, the material used for the sample sup-
port layer 1s silicon carbide and the etching technique
includes a technique suitable for etching silicon carbide. For
example, the silicon carbide etch process may utilize an SF .-
based reactive 1on etching recipe, with a tlow rate of 40 sccm
SE ., 2000 W source power, and 110 W substrate power.

The base layer 101 of the substrate 10 may be etched to
achieve the dimensions desired for the base (see FI1G. 4). In
this step, etchant 1s applied 1n a manner which brings it 1nto
contact with the base layer via the holes 1n the etched sample
support and along the perimeter of the sample support layer.
This process serves to conform the shape of the base to the
shape of the sample support. Etching 1s generally continued
until the insulator 1035 1s exposed surrounding the perimeter
of the etched sample support and surrounding the perimeter
of the one or more holes and/or arrays of holes 1n the etched
sample support. In areas with holes 1n the sample support
layer 30, the underlying base layer 101 may be tully etched,
resulting in a fully undercut, suspended sample support mem-
brane 40. In the area without holes 31, the underlying base
layer 101 1s not fully etched, creating a frame region 41
comprised of the continuous sample support layer material 31
on the base layer 101. In areas external to frame region 41,
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including the sample support membrane area 40, the under-
lying insulator layer 105 1s exposed.

In this step, an etching process 1s selected which 1s effective
for etching the base layer but not for etching the insulator
layer. A variety of etching processes may be used. Examples
include wet etching, reactive ion etching (RIE), sputtering,
ion milling, and deep reactive 1on etchuing (DRIE). For the
case of a silicon base layer, examples of etchants suitable for
this step include: wet etch solution comprising 1:3:8 ratio of
concentrated hydrofluoric acid, nitric acid, and acetic acid
(HNA); SF .-based silicon reactive 1on etch; time-multiplexed
C,F4/SF -based deep reactive 1on; XeF,-based silicon etch.
In one embodiment, the base layer 1s etched using wet chemi-
cal etching, or reactive 10on etching followed by a wet chemi-
cal etching, or deep reactive 1on etching followed by a wet
chemical etching.

The msulator layer may then be released, e.g., by physical
means and/or by etching it away (see FIGS. 5 and 6). For
example, the etching may be continued until all or substan-
tially all of the insulator layer 1s removed thereby completely
or substantially freeing the sample support structure.

The etching process 1s selected which 1s effective for etch-

ing the isulator layer but not for etching the sample support
and 1nsulator layers. A variety of etching processes, such as
wet chemical etching, may be used in this step. For the case of
a silicon dioxide insulator layer, examples of etchants suitable
for this step include: concentrated hydrotfluoric acid (HF) and
butifered oxide etchant.
In a further embodiment, the final etching step of the insu-
lator layer may be omitted. In yet a further embodiment,
instead of a silicon-on-insulator substrate, a bulk silicon
waler may be used. In an aspect of this embodiment, the final
ctching step of the insulator layer may be omitted. In a further
embodiment, other substrates, such as alumina, quartz, etc,
may also be used.

The sample support structure may be useful in a variety of
settings. Examples include electron and/or 10n beam analysis,
clectron microscopy techniques, such as transmission elec-
tron microscopy. The sample support structures of the present
invention have a number of improved properties, as compared
to support structures of the art. For example, samples ana-
lyzed using the sample support structures of the present
invention exhibit decreased drift, as compared to samples
analyzed using sample support structures of the art. In addi-
tion, the presently described structures have increased rigid-
1ty; may in some embodiments lack the presence of grids, etc.,
which are required for structures of the art, and which result
in lower quality imaging; and the sample support structures of
the present invention may be used at various temperatures,
ranging from very low to very high. Furthermore, the sample
support structures of the present invention may have consis-
tent thickness and low stress. The sample support structures
of the present mmvention may provide the advantage of
improved conductivity at very low temperatures, such as from
about -2770 to about 0° C.

In one embodiment, the sample support structure 1s used
for conducting cryo transmission electron microscopy. The
sample support structure can be brought 1into contact with a
solution including a sample and rapidly frozen to preserve the
ultrastructure of the sample. Sample may also be prepared by
staining the sample with a heavy metal salt to enhance the
signal-to-noise ratio, and freezing the sample on the sample
support structure to preserve the high-resolution structure.
The electron beam may be directed at the sample by trans-
mitting the beam through the holes 1n the sample support.

The sample support of the mvention 1s, 1n some embodi-
ments, highly resistant to temperature changes. Conse-
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quently, 1 certain uses of the sample support structure, the
sample support structure may be heated or cooled during

processing.

The sample support structure may be usetul for supporting
samples containing a variety of components. In a particular
non-limiting embodiment, various components that may be
supported by the sample support structure include biological
materials, whole cells, sections of cells, eukaryotic cells,
prokaryotic cells, chemicals, proteins, peptides, polymers,
nucleic acids, small molecules, and various combinations of
these types of materials. In an embodiment, a protein sample
may be supported by the sample support structure. In one
embodiment, a protein and a compound, or a ligand, which
interacts with the protein, may be supported by the sample
support structure.

Further, the sample support structures may be useful in
tomography studies, in which the sample support structure 1s
tilted to obtain a series of 1mages from different angles.

Non-limiting uses of the sample support structures include
in: Transmission FElectron Microscopy (TEM) Scanning
Electron Microscopy (SEM), Scanning Transmission Electon
Microscopy (STEM), and Scanning Tunneling Microscopy
(STM). The use of the sample support structures in other
applications known to one of skill in the art are contemplated
herein.

Samples to be analyzed by the above techniques may be
prepared 1n a number of ways, such as: cryofixation, fixation,
dehydration, embedding, sectioning, staining, {freeze-iracture
or freeze-etch, 1on beam milling, conductive coating, and/or,
in scanning electron microscopy, evaporation, thin-film depo-
sition, or sputtering of carbon, gold, gold/palladium, plati-
num or other conductive material to avoid charging of non
conductive specimens 1n a scanning electron microscope.

It 1s hereby contemplated that sample analysis using the
sample support structures combined with technologies
described herein (such as electron microscopy), and/or other
technologies known by one of skill in the art, may be used to
obtain results similar to those obtained by X-ray crystallog-
raphy techniques. However, these applications of the present
invention have a number of advantages over X-ray crystal-
lography, such as speed of sample preparation, etc.

The following non-limiting examples are provided only for
the purpose of 1llustrating various aspects of the invention and
should not be construed as limiting the scope of the invention.

Example 1

Referring to FIGS. 1, 2, 3A, 3B, 4A, 4B, 5A, 5B, 6 A, and
6B, Silicon-on-insulator substrate 10, with monocrystalline
base layer 101 with thickness 50 um and a monocrystalline
silicon substrate 103 with thickness 350 um, separated by a
s1licon dioxide mnsulator layer 105 with thickness 1 um, was

provided. A silicon carbide sample support layer 20 with
thickness 100 nm, was deposited using LPCVD.

The array 30, in FIGS. 3A and 3B, 1s comprised of indi-
vidual holes with a 2 um diameter on a 4 um pitch. The array
30 was round with a diameter of 1 mm. The array 30 was tully
surrounded by area without holes 31, and the distance from
the perimeter of the array to the perimeter of the sample
support was 1 mm. The diameter of the complete sample
support device was 3 mm.

As further illustrated in FIGS. 3A and 3B, the silicon
carbide sample support layer was etched using reactive 1on

ctching with an SF .-based etch recipe. As illustrated in FIGS.
4A and 4B, the base layer 101 was then etched using deep
reactive 10n etching down to the insulator layer 103. The deep
reactive 10n etch 1s extremely anisotropic and highly selective
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to silicon dioxide. The sample support was then etched using
a solution comprised of hydrofluoric acid, nitric acid, and
acetic acid, commonly known as HNA. HNA etches silicon
1sotropically, and the silicon present between holes features in
the hole array 30 was fully etched.

As 1llustrated 1n FIGS. SA and 5B, the silicon dioxide
insulator layer 105 was etched using concentrated hydrofluo-

ric acid. The sample substrate structure 1llustrated in FIGS.
6A and 6B was thus formed.

Example 2

Referring to FIGS. 1, 2, 3C, 3D, 4C, 4D, 5C, 3D, 6C, and
6D: Silicon-on-insulator substrate 10, with monocrystalline
base layer 101 with thickness 50 um and a monocrystalline
silicon substrate 103 with thickness 350 um, separated by a
s1licon dioxide msulator layer 105 with thickness 1 um, was
provided. A silicon carbide sample support layer 20 with
thickness 100 nm, was deposited using LPCVD.

The array 30, 1n FIGS. 3C and 3D, 1s comprised of multiple
arrays ol individual holes with a 2 um diameter on a 4 um
pitch. The array 30 was round with a diameter of 1 mm. The
array 30 was fully surrounded by area without holes 31, and
the distance from the perimeter of the array to the perimeter of
the sample support was 1 mm. The diameter of the complete
sample support device was 3 mm.

As further illustrated 1in FIGS. 3C and 3D, the silicon
carbide sample support layer was etched using reactive 1on
ctching with an SF, based etch recipe. As 1llustrated in FIGS.
4C and 4D, the base layer 101 was then etched using deep
reactive 1on etching down to the msulator layer 105. The
portions of the base layer that were not beneath the arrays of
holes were not fully etched. The deep reactive 1on etch 1s
extremely anisotropic and highly selective to silicon dioxide.
The sample support was then etched using a solution com-
prised of hydrofluoric acid, nitric acid, and acetic acid, com-
monly known as HNA. HNA etches silicon 1sotropically, and
the silicon present between holes features in the hole array 30
was fully etched. As above, the portions of the base layer that
were not beneath the arrays of holes were not completely
etched.

As 1llustrated 1n FIGS. 5C and 5D, the silicon dioxide
insulator layer 105 was etched using concentrated hydrofluo-
ric acid. The sample substrate structure as illustrated 1n FIGS.
6C and 6D was thus formed.

Although the invention has been variously disclosed herein
with reference to illustrative embodiments and features, 1t
will be appreciated that the embodiments and features
described hereinabove are not intended to limait the invention,
and that other variations, modifications and other embodi-
ments will suggest themselves to those of ordinary skill 1n the
art, based on the disclosure herein. The invention therefore 1s
to be broadly construed, as encompassing all such vaniations,
modifications and alternative embodiments within the spirit
and scope of the claims hereafter set forth.

We claim:

1. A sample support structure comprising (1) a sample
support comprising silicon carbide and having one or more
holes therein, and (1) a base underlying the sample support
comprising an opening therein substantially surrounding the
one or more holes of the sample support, wherein the thick-
ness of the sample support 1s about 100 to 5000 Angstroms,
and wherein the silicon carbide 1s doped to achieve a resis-
tivity of less than about 10 ochm-cm.

2. The sample support structure of claim 1 wherein the
sample support comprises at least one array of holes therein.
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3. The sample support structure of claim 1 wherein the one
or more holes in the sample support have a diameter ranging
from about 0.5 to about 4 um.

4. The sample support structure of claim 1 wherein the
s1licon carbide 1s doped with nitrogen.

5. The sample support structure of claim 1 wherein the base
comprises a second material selected from the group consist-
ing of monocrystalline silicon, polycrystalline silicon, amor-
phous silicon, alumina, quartz, fused silica, boron nitride,
silicon carbide, metals, ceramics, and conducting oxides.

6. The sample support structure of claim 1 wherein the
base:

(a) has a shape which substantially tracks the perimeter of

the sample support; and/or

(b) comprises an opening therein, the perimeter of which
substantially tracks the perimeter of the one or more
array of holes in the sample support.

7. The sample support structure of claim 1 wherein:

(a) the sample support comprises an array of holes therein;
and

(b) the base comprises a single opening substantially sur-
rounding the array of holes.

8. A method of making a sample support structure, com-

prising the steps of:

(a) providing a substrate comprising three layers:

(1) atop base layer comprising an etchable base material;

(11) amiddle insulator layer comprising an etchable insu-
lator material; and

(111) a bottom substrate layer comprising an etchable
substrate material;

(b) applying a sample support layer comprising silicon
carbide to the top base layer;

(¢) patterning dimensions of a sample support onto the
sample support layer, wherein the dimensions include
one or more holes;

(d) etching the sample support layer to achieve dimensions
established by the patterming step, including the one or
more holes;

(¢) etching the base layer to achieve dimensions of a base;

(1) etching the insulator layer to release or substantially
release the insulator layer, thereby freeing or substan-
tially freeing the bottom substrate layer from a sample
support structure comprising:

(1) a sample support comprising silicon carbide and hav-
ing one or more holes therein; and

(11) a base underlying the sample support comprising an
opening therein substantially surrounding the one or
more holes of the sample support,
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wherein the thickness of the sample support 1s about 100 to
5000 Angstroms, and wherein the silicon carbide 1s
doped to achieve a resistivity of less than about 10 ohm-
cim.

9. The method of claim 8 wherein the silicon carbide 1s
doped with nitrogen.

10. The method of claim 8 wherein the base layer com-
prises a material selected from a group consisting ol monoc-
rystalline silicon, polycrystalline silicon, amorphous silicon,
alumina, quartz, tused silica, boron nitride, silicon carbide,
metals, ceramics, and conducting oxides.

11. The method of claim 8 wherein the bottom substrate
layer comprises a material selected from a group consisting of
monocrystalline silicon, polycrystalline silicon, amorphous
silicon, alumina, quartz, fused silica, boron nitride, silicon
carbide, other semiconductor materials, metals, ceramics,
and conducting oxide.

12. The method of claim 8 wherein the sulator layer
comprises a material selected from a group consisting of
silicon dioxide, fused silica, quartz, aluminum nitride, con-
ducting oxides, and silicon monoxide.

13. The method of claim 8 wherein step (d) comprises
ctching the sample support layer using a technique selected
from the group consisting of wet chemical etching, reactive
ion etching (RIE), deep reactive 1on etching (DRIE), and 10n
milling.

14. The method of claim 8 wherein step (¢) comprises
patterning at least one array of holes in a center portion of the
sample support layer.

15. The method of claim 8, wherein the base layer 1s etched
using wet chemical etching, or reactive 10n etching followed
by wet chemical etching, or deep reactive 1on etching fol-
lowed by wet chemical etching.

16. The method of claim 8, wherein the insulator layer 1s
ctched using wet chemical etching.

17. The method of claim 8 wherein the base layer of the
substrate 1s etched using a deep reactive 10on etching tech-
nique.

18. The method of claim 8 wherein step (e) comprises:

(a) a first step comprising deep reactive 1on etching; and

(b) a second step comprising solution comprising hydroi-

luoric acid, nitric acid, and acetic acid (HNA).

19. The sample support structure of claim 1, wherein the
thickness of the sample support 1s about 200 to about 1000
Angstroms.

20. The method of claim 8, wherein the base layer 1s etched
via the one or more holes in the sample support layer.
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